Tuukka Turtiainen (corresponding author) Laina Salonen STUK -Radiation and Nuclear Safety Authority, Finland, P.O. BOX 14, 00881, Helsinki, Finland E-mail: tuukka.turtiainen@stuk.fi Naturally occurring radioactive elements are found in all groundwaters, especially in bedrock waters. Exposure to these radioactive elements increases the risk of cancer. The most significant of these elements is radon which, as a gas, is mobile and dissolves in groundwater. In Finland, water supply plants are obliged to carry out statutory monitoring of the water quality, including radon. Monitoring of private wells, however, is often neglected. In this paper, we outline the problem by reviewing the outcomes of the studies conducted in Finland since the 1960s. We also summarise the development of legislation, regulations and political decisions made so far that have affected the amount of public exposure to radon in drinking water. A review of the studies on radon removal techniques is provided, together with newly obtained results. New data on the transfer of radon from water into indoor air are presented. The new assessments also take into account the expanding use of domestic radionuclide removal units by Finnish households.
INTRODUCTION
In a modern society, access to high-quality household water and appropriate sewerage and waste water treatment is a necessity that affects the everyday life of its citizens and their means of livelihood, thus making it a service of general interest. A variety of contaminants, such as micro-organisms, organic and inorganic compounds, and radionuclides can occur in household water and thus lead to health risks unless water reserves, water treatment methods and the materials of water mains and pipes are selected and maintained appropriately. Surveillance of water quality and proper waste water treatment are especially challenging in sparsely populated rural areas where water distribution networks have not been built and people have to pump their household water from private wells.
Naturally occurring uranium has been present in terrestrial matter since the formation of the Earth. Uranium is widely distributed in the Earth's crust and can be found at low levels in all rocks, soils and water. As uranium decays it forms a successive chain of decaying radioactive elements known as the uranium series ( Figure 1 ). The bedrock of Finland is largely composed of igneous and metamorphic rocks, more specifically granite as well as granitoid, migmatite and gneiss complexes (Korkka-Niemi 2001) .
of bedrock, especially in southern Finland, contain high concentrations of uranium. Therefore, bedrock water in these areas may also contain high concentrations of other radionuclides found in the uranium series (Lahermo & Juntunen 1991) . In terms of radiation dose, the most significant of these radionuclides is radon-222, which accounts for 71% of the effective dose received by users of drilled wells and 64% of that received by users of dug wells (Table 1) . Apart from polonium-210, which accounts for 11% of the effective dose among users of drilled well water, doses from the rest of the nuclides are generally low (Vesterbacka et al. 2005 (Vesterbacka et al. , 2006 .
In this paper we focus on radon, firstly, because in terms of dose it is the most significant of the naturally occurring radionuclides in drinking water. Secondly, new data are now available on the number of users of private wells and on the transfer of radon from water to indoor air in an average Finnish house. With these new data we are able to assess doses and cancer risks associated with use of well water in more detail. An average detriment from the inhalation of radon released from water was found to be about equal to that from ingestion. Here, we also summarise the development of legislation, regulations and political decisions made so far that have affected the amount of public exposure to radon in drinking water. A review of the outcomes of removal studies is provided, together with newly obtained results. The new dose assessments also take into account the expanding use of domestic radon removal units by Finnish households.
SURVEYING RADON IN DRINKING WATER
Systematic surveys of the occurrence of radon in Finnish groundwaters began at the end of the 1960s. In the first phase, 66 bedrock water samples from drilled wells in the Helsinki area were surveyed (Kahlos & Asikainen 1973) .
Radon concentrations were generally high, with a mean of 1,600 Bq/l, which prompted the surveying of waterborne radon throughout Finland. By the end of 1978, in total 735 samples of tap water from public water supply plants using both surface and groundwaters, 690 samples from dug wells and springs and 878 samples from drilled wells had been measured. The mean radon concentrations in groundwater wells and bedrock water wells were 60 and 630 Bq/l, respectively (Asikainen & Kahlos 1980) .
After the end of the 1970s, the surveys were mainly directed at private wells, although all new groundwater sources were assessed before they were connected to the water distribution networks. Bedrock wells were particularly studied in the risk areas where concentrations of radon, uranium or other natural radionuclides had been found high (Salonen 1988 ( Juntunen 1991) .
In a more recent population-based random study, in which 184 water samples from dug wells and 288 from drilled wells were analysed, the observed mean concentrations of radon were 50 and 460 Bq/l, respectively (Vesterbacka et al. 2005) . In dug wells, all measured radon concentrations were below 1,000 Bq/l, but 10.8% of drilled wells exceeded this level. 
RADIOACTIVITY MEASUREMENT SERVICES FOR DRINKING WATER
There are about 40 regional laboratories committed to measuring radioactivity in foodstuffs in the case of a fallout situation according to STUK's instructions. STUK provides these laboratories with similar NaI-type gamma spectrometers and organises training and validation for the measurements. Most of these laboratories also use the spectrometers for measuring radon in drinking water.
If the measured radon concentration exceeds 1,000 Bq/l, the regional laboratories advise the customers to send a water sample to STUK for more comprehensive analysis.
Well-owners or municipal health officers can also send water samples directly to STUK for analysis.
If the second measurement confirms the radon concentration to be higher than 1,000 Bq/l, the customer is advised to consider remedial action. 
HEALTH EFFECTS OF RADON
Both ingestion and inhalation of radon increases the cancer risk. For individual tissues or organs the dosimetric quantity used is the equivalent dose, and for the whole body the effective dose, which is the sum of the weighted equivalent doses for all organs and tissues. 
Ingested radon
The National Research Council has evaluated risks from ingested radon and has assessed equivalent doses for different organs and tissues (NRC 1999) . The highest equivalent dose is caused to the stomach walls, and about 80% of the cancers related to ingested radon are estimated to be stomach cancers. The effective dose per unit intake of ingested radon is estimated to be 3.5·10 29 Sv/Bq for adults.
The dose per unit intake increases with decreasing age:
for five-year-old children the factor is estimated to be 1.0·10 28 Sv/Bq and for infants 4.0·10 28 Sv/Bq.
In order to assess the doses from the intake of well water we must first know the amount of well water consumed. Water used for preparing food or hot beverages contains no radon, since radon is released from water when boiled (Abulfaraj & Mamoon 1995) . Drinking water consumption has been investigated among the adult Finnish population in the age groups 25 -34, 35 -44, 45 -54, 55 -64 and 65 -74 years. The average daily intakes among female and male populations representing these age groups were 0.667 -0.929 and 0.441 -0.676 litres, respectively (Paturi et al. 2008) . No data are available on water intake among children. The closest country from which these data are available is Germany. There, water intake (mineral water and tap water) among age groups 2 -3 years and 4 -8 We assumed that two-thirds of water is consumed at home on day-care/school/work days, and no well water is consumed on days spent travelling and at nursing homes or hospitals. In addition, data on the missing age groups were interpolated or extrapolated when assessing the water intake among different age groups (Tables 2 and 3 ). (Table 4) .
We can estimate that the collective effective dose is 31 man Sv annually among users of drilled well water in which radon exceeds 1,000 Bq/l. This translates into approximately two cancers attributable to ingested radon.
For the users of drilled well water in which the radon concentration is lower that 1,000 Bq/l, the collective effective dose is roughly 19 man Sv per year and among users of dug wells 11 man Sv, so radiation-related health effects among these groups should theoretically be even less.
In the latest survey, only 30 water samples exceeded the guideline value of 1,000 Bq/l. Extreme concentrations of 130,000 Bq/l of radon were measured. The latter family had been using the water regularly for a period of 10 years.
The effective dose from ingested radon to the five family members was about 1 Sv each, so it can be estimated that the risk of one of the family members getting cancer attributable to ingested radon is about 30%. Presently, 129 wells with water exceeding 10,000 Bq/l have been found in Finland.
Radon released into indoor air
Normally, the most significant source of radon in indoor air is the soil beneath the house. In Finnish one-family houses, the average radon concentration in indoor air is 145 Bq/m 3 (Arvela et al. 1993) . Other sources include building materials and household water. Because radon is a gas and has a solubility in water similar to carbon dioxide, it is partly The mean air exchange rate in Finnish one-family houses is 0.64 (Ruotsalainen et al. 1992) . Using these data we come to a value 0. The average additional indoor air radon concentration in houses where the recommended maximum value for radon is exceeded is 100 Bq/m 3 .
Breathing radon and its progeny causes an equivalent dose almost exclusively to the lungs, and the prominent detriment is thus lung cancer. The dose is mostly comprised of short-lived radon progeny consisting of metal ions or atoms, which can cluster and attach to indoor air particles. The aerodynamic diameter of these products determines where in the respiratory system they are deposited.
In addition to particle size distribution, the ratio of radon progeny to radon (equilibrium factor) also varies. . From these data we can assess that among users of dug wells, lung cancer cases attributable to water usage are likely to be less than one case per year.
Among users of drilled wells, about two lung cancers are annually attributable to radon in water.
Summing up the different exposure pathways, we can estimate that radon in private wells causes only a few cancer cases per year in Finland. The main target group for radiation protection is those whose water contains radon in excess of 1,000 Bq/l, which is the recommended maximum concentration for private wells. Among this group, the theoretical number of radon-related cancers is only three per year.
Epidemiological studies also support the assessment made above Kurttio et al. 2006) . In these studies, the risks of stomach, kidney and bladder cancers and leukaemia from the radionuclides ingested with drinking water were assessed using a case-cohort method. The results did not indicate increased risks of any of these four cancers at the exposure levels of the epidemiological study.
Methods for removing radon from drinking water
Research on radon removal from water supplies was initiated in the 1970s in Czechoslovakia (Hanslik et al. 1978) . Aeration was found to be a suitable method for stripping radon gas out of water. A removal efficiency of 99% was recorded for 8 minutes aeration time and an air-to-water ratio of 1: 8. In the early 1980s, different aeration techniques and activated carbon adsorption were tested in Sweden. Aeration under atmospheric pressure was reported to be a viable method, with a removal efficiency of up to 75% (Hedberg et al. 1982) . In the USA, studies were also begun in the early 1980s (Lowry 1983 ). Three methods were tested and found effective: granular activated carbon (GAC) adsorption, diffused aeration and spray aeration.
Initially, GAC adsorption was considered the most auspicious method due to its effectiveness and low investment and maintenance costs. After a few years the viability of GAC adsorption was re-evaluated due to external gamma radiation caused by the units and waste problems emerging from spent GAC batches (Rydell et al. 1989) . . Water works were also included in the research (Salonen et al. 2002) . After the project, dozens of removal units were in use in Finnish homes. In order to obtain longterm experiences of their operation, a follow-up project was initiated and the units were monitored until the end of 2002 (Vesterbacka et al. 2003) . At this time, a few hundred units had been installed and problems associated in their use had been recognized. The companies involved in the projects had gained expertise and most of the consumer guidance can now be channelled there.
Removal studies in

Granular activated carbon adsorption
As a non-polar monatomic gas, radon is effectively adsorbed The radon removal efficiency of GAC filters was followed at ten households for a period of 3 to 9 years.
The carbon bed was replaced with a fresh batch in three locations during the follow-up. In the selection of the households, different types of water were covered, including iron-and manganese-rich water and water with a high content of organic carbon. Radon concentrations in raw water were 1,500 -7,400 Bq/l (Vesterbacka et al. 2003) . All GAC filters removed more that 90% of radon, and most of them nearly 100%. Some units showed a decline in removal efficiency over time, and hence to ensure an adequate removal efficiency it was recommended that the carbon batches be replaced every three years. Water quality, both microbiological and chemical, remained good. Iron and organic substances were partly removed by GAC filtration (Turtiainen et al. 2000b) .
Some equipment designed for iron and manganese removal can be partly filled with activated carbon and thus simultaneously removes iron, manganese and radon (Vesterbacka et al. 2003) . Iron and manganese removal units that are based on aeration-oxidation normally do not produce a sufficient amount of air to effectively strip radon and hence cannot be recommended for radon removal (Vesterbacka & Salonen 2008 ).
Aeration
As a dissolved gas, radon can be removed from water by Low-cost alternatives where aeration takes place in the bore hole have also been introduced (Vesterbacka et al. 2003) .
In total, aeration units from eight manufacturers have been tested. The lowest radon removal has been recorded for aeration in the bore hole, where efficiencies varied from 3% to 77% (average efficiency during 100 litres flow). More sophisticated aeration units, however, were all able to remove more than 90% of radon. Presently, four brands are available on the Finnish market, all with adequate radon removal efficiency.
Customer insights on radon removal units
A survey among customers who have bought radon removal units was conducted with a questionnaire (Vesterbacka et al. 2003) . Activated carbon adsorption was the most prevalent technique of radon removal, with a 70% share. Only 7%
reported defects or inconveniences, the most common being difficulty in replacing the carbon batch. By contrast, Since Finland has two official languages, all materials and information were provided in both Finnish and Swedish.
A few days later a press release was published and the list of the municipalities along with statistical information on wells was provided on STUK's Internet site. This press release was reported in several regional newspapers and on radio stations, which resulted in increased measurement activity in these radon-prone areas.
Statistically, the number of cancer cases related to the consumption of water from wells is only a few per year.
However, we feel that Finnish citizens have the right to be
